LUCOSE-6-PHOSPHATE dehydrogenase (G6PD) is a house-keeping enzyme catalyzing the first step of the pentose phosphate pathway. G6PD deficiency is one of the most common hereditary disorders that may cause drug-a n d or infection-induced acute hemolysis or chronic nonspherocytic hemolytic anemia. Recent progress in the molecular genetics has disclosed molecular abnormalities of more than 50 G6PD variants.' Except for the variants G6PD Sunderland' and G6PD NaraZa caused by small nucleotide deletions, and G6PD Vancouve9 caused by three nucleotide substitutions, all of those variants were found to be produced by one or two nucleotide substitutions.' Analysis of these molecular abnormalities has provided information about the structurefunction relationship of G6PD.4 Identification of the putative binding site of structural nicotinamide adenine dinucleotide phosphate (NADP)' is an e~a m p l e .~
The determination of molecular abnormalities of genetic diseases was once a quite laborious task. Although revolutional improvements in methodology, such as the polymerase chain reaction (PCR),6 greatly facilitated the procedure, it still required a few months to identify a mutation in a G6PD variant gene. Since its first description by Orita et al,' the single-strand conformation polymorphism (SSCP) analysis has been recognized as a strong tool for detecting small mutations. The efficiency of the method is increased markedly when combined with the PCR technique (PCR-SSCP).8 PCR-SSCP analysis has been applied successfully to many genetic diseases including G6PD deficiency.' However, in the conventional PCR-SSCP analysis, lengthy electrophoretic procedures and a time-consuming autoradiography or silver staining are required for detecting the mobility shift of mutated single-stranded DNA fragments. We have developed a simple and rapid modified method of PCR-SSCP analysis using a standard minigel apparatus and ethidium bromide staining combined with direct sequencing by an automated DNA sequencer. We describe here a molecular study of eight Japanese G6PD deficiency cases using this new method.
G

MATERIALS AND METHODS
Cases.
Except for case 2 with acute hemolytic attack after exposure to a plant killer, all cases were associated with chronic nonspherocytic hemolytic anemia. They were all unrelated and neither patient Blood, Vol 83, No 1 1 (June l), 1994 pp 3363-3368 patients with GGPD Guadalajara or GGPD Andalus. The variant with unique 527 A . + G was characterized and designated as GGPD Shinshu. We also characterized GGPD "Japan" and found that the variant had the striking resemblance with GGPD Riverside, bearing a missense mutation in the same codon, but causing a different amino acid substitution. Our modified PCR-SSCP analysis using minigel and ethidium bromide staining could detect six of the eight diverse mutations in the GGPD gene. Because it is easy and requires no special apparatus, this modified method will be useful for screening mutations in the GGPD gene. had any known ancestry other than Japanese. Two grandsons of case 1, two brothers of case 2, and a brother of case 7 also showed hemolytic anemia.
PCR-SSCP analysis. Oligonucleotide primers were synthesized according to the published sequences.'@'* Blood specimens were obtained from eight male subjects with G6PD deficiency and a normal male control by venipuncture after informed consent. Genomic DNA was isolated from leukocytes and purified by the method of Goossens and Kan.I3 We amplified the entire coding region and the partial intron sequences adjacent to the exons in five segments (exons 2, 3 through 5, 6 through 8, 9 through 12, 13) using five pairs of oligonucleotide primers ( Table 1) . PCR was performed using Thermus flavus DNA polymerase (Tub DNA polymerase; Amersham, UK) according to the supplier's conditions. Amplified fragments containing exons 3 through 5, exons 6 through 8 or exons 9 through 12 were separated from nonspecific PCR products by 1.5% agarose electrophoresis and were recovered from the gel using a membrane filter (Suprec-I, Takara Shuzo, Kyoto, Japan). Amplified fragments containing exon 2 or exon 13 were separated by 8% polyacrylamide gel electrophoresis and eluted in TE buffer (10 mmol/L TRIS-HCl, 1 m m o K EDTA, pH 7.5). Each exon sequence was reamplified for SSCP analysis in 100 KL of reaction mixture from the eluted DNA fragments using the oligonucleotide primers shown in Table 1 . We performed 25 cycles of the nested PCR with 9-12 B9: 5"TCCCTGCACCCCAATCAAC* 812: 5"ATGAGGTAGCTCCACCCTCA' 5"AGACCCCAGAGGAACTCTCAAGAAA 5"CGATGCACCCATGATGATGAAT 5"ACAGCGTCATGGCAGAGCAGGTGGC 5"TGCAACAATTAG'ITGGAAAAGCTGA 5"TGTCCCCAGCCACTTCT 5"TCTTCCGGTAGGGCC'ITGTCGGTG 5"GGTGACCTGGCCAAGAAGAAGA 5"CCGAAGTTGGCCATGCTGGX 5"ACACACGGACTCAAAGAGAG' 5"TGGTGGGAGCACTGCCTG 5"AGCTCTGATCCTCACTCCCC* 5'GGCCAGGTGAGGCTCCTGAGTA 5"ACATGTGGCCCCTGCACCACA 5"GTGACTGCTCTGCCACCCTG' 5"TTGGGGTCCCCATGCCCTTG 5"TGCCTCGTCACAGATGGGCC' 5"ACCCAAGGAGCCCATTC 5"TGCCTTGCTGGGCCTCGt 5"CTGAGAGAGCTGGTGCTt 5"CACCATGTGGAGTCCCCCGG' 5"ACTCCACATGGTGCAGGCAG' 5"CATAGCCCACAGGTATGCt 5"GCATACCTGTGGGCTATG 5"ATGAGGTAGCTCCACCCTCA' the temperature change between 9 4 T , 5 seconds and 6 4 T , 5 seconds with Thermus aquaticus (Taq) DNA polymerase (Perkin Elmer-Cetus, Norwalk, CT) using a DNA thermal cycler (Model 9600; Perkin Elmer-Cetus). After being extracted once with chloroform and precipitated in 70% ethanol, the whole amplified DNA was resuspended in 10 pL of 95% formamide, 10 mmollL TRIS-HC1 pH 8.0, 10 mmol/L EDTA, 0.3% bromophenol blue, and 0.3% xylene cyanol, and denatured by heating at 95°C for 3 minutes followed by rapid cooling at 0°C. Two microliters of each sample was applied to a nondenaturing 6% polyacrylamide gel (8 X 8 X 0.1 cm; acrylamide:bis ratio 49:l) with or without 5% glycerol. Electrophoresis was performed at 6 W for 40 minutes at room temperature. The gel was stained for 5 minutes with 0.2 kg/mL ethidium bromide and destained for 2 minutes in deionized water.
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Direct sequencing of ampli$ed DNA. Exon sequences showing a mobility shift were reamplified by the nested PCR. The amplified DNA was purified by Centricon 30 (Amicon, Beverly, MA) and directly sequenced by an automated DNA sequencer using a dideoxy fluorescent dye termination protocol (Model 373A; Applied Biosysterns, Foster City, CA). Primers used for sequencing were the same as those for the amplification. When none of the exons showed a mobility shift, the whole coding region of the G6PD variant gene was sequenced. In each case, the validity of the determined mutation was confirmed either by detecting the alteration of the restriction site or sequencing both strands.
Enzymologic characterization of variants. After obtaining informed consent, 25 mL of fresh blood was collected from cases 1 and 5. Partial purification and enzymologic characterization of variant enzymes were performed according to the standard methods recom-mended by the World Health Organization scientific group.I4 Reactivation of partially purified G6PD by high concentrations of NADP+ were examined by the method of Beutler et
RESULTS
Screening of mutations by PCR-SSCP analysis. Table 2 shows the results of molecular studies. Of the eight specimens from G6PD deficient subjects, six showed clear mobility shifts in various exons (Fig 1) . The sequencing analysis showed nucleotide substitutions responsible for each singlestrand conformation change. However, in the other two cases, each exon fragment showed no mobility shift. We sequenced the whole coding region of these cases and found a single nucleotide substitution in each case. Besides the mutations in the exons, we also found a single base deletion with a clear mobility shift in intron 5 in cases 3 and 8. All the mutations found in the exons were missense mutations and each of them predicted a single amino acid substitution. In seven cases, the amino acid substitutions were identical with those reported p r e v i o u~l y .~~'~"~ The amino acid substitution predicted in case 1 was unique and we performed the enzymologic characterization to examine the functional abnormality of this variant. Because the mutations in cases 1, 3, 4, 5, 6 and 7, and 8 altered the cleavage sites of Hue 111, Hha I, Hha I, Nci I, Sty I, and ApaLI, respectively, we could confirm the mutations in the variant gene (data not shown). A nucleotide substitution in case 2 was confirmed by sequencing the opposite strand. A 114-bp fragment containing the intronic single nucleotide deletion in cases 3 and 8 was amplified from genomic DNA using primers 5"CACTCC- For personal use only. on September 13, 2017. by guest www.bloodjournal.org From shown). DNA samples from the mothers of cases 2, 5 , 6, 8, and from two symptomatic brothers of case 2 were available and their heterozygosity or hemizygosity for each mutation was confirmed as well.
Enzymologic characterization of G6PD variants. We found a nucleotide substitution in case 5 that was identical with that found in a Japanese patient with G6PD "Japan" reported by Beutler et al.'7 Since G6PD "Japan" was not biochemically characterized because the amount of blood available then was insufficient, we tried to perform characterization to investigate the functional abnormality of this variant together with a variant enzyme in case 1. Unfortunately, because only 25 mL of blood samples was available in each case, the electrophoretic mobility and the inhibition constant (Ki) for NADPH could not be determined. Table 3 summarized the results. A variant enzyme in case 1 showed a high Michaelis constant (Km) for both G6P and NADP+, and low utilization of coenzyme analogue deamino NADP+. A variant enzyme in case 5 was characterized by the extremely high Km G6P, moderately high Km NADP+ and markedly low heat stability. The variant enzyme in case 5 was partially reactivated by high concentrations of NADP+. Interestingly, the partial reactivation was also observed when using the enzyme completely inactivated by the incubation for 60 minutes at 46°C.
DISCUSSION
The PCR-SSCP analysis is quite useful for searching various known and unknown mutations rapidly in a large number of specimens with high sensitivity. 20 We have modified the method by using a minigel instead of a conventional large gel with cooling apparatus, and using ethidium bromide staining in place of costly autoradiography or time-consuming silver staining. This modification greatly facilitated the procedure and, usually, a single analysis can be completed within 50 minutes. Combined, the modified PCR-SSCP method and the subsequent direct sequencing technique using fluorescent dye are now able to determine mutations in IO cases of G6PD deficiency within a month. PCR-SSCP analysis with ethidium bromide staining had already been reported from a few laboratories,2'.22 but it seems not to have acquired popularity. Because ethidium bromide staining is less sensitive than autoradiography os silver staining, higher concentrations of DNA should be loaded on the gel. The conformation change of single-stranded DNA bearing mutations may be assumed to be less clear in higher DNA concentrations resulting poor resolution of mobility shift on the gel. However, this effect might be overestimated. Our preliminary studies using various known mutations showed that OUT modified system could detect about 90% of the mutations. This sensitivity is not inferior to conventional methods using autoradiography and larger gels." In the present study, seven of the eight mutations showed clear mobility shifts. Two point mutations, 1159 C --t T and 1160 G "+ A, which showed no mobility shift were located in the same c o d~n .~~" It is likely that nucleotides in this region are not closely involved in conforming the stable secondary structure.
Seven of the eight G6PD deficient cases were found to have missense mutations identical with those reported be- fore. Cases 6 and 7 had the same substitution, 1246 G + A, that we had previously found in a patient with G6PD Tokyo." Because it seems to have resulted from a C + T substitution in the CpG dinucleotide in the opposite strand, the mutations in these cases could have arisen independently at the mutational hot spot. On the other hand, there is another possibility that they are all descendants of the same individual. That the Tokyo mutation has been found repeatedly only in Japanese patients may support the latter assumption. Cases 2, 3, 4, and 8 had a missense mutation that causes G6PD Chatham,16 G6PD G~adalajara,'~ G6PD Beverly Hills,5 and G6PD Andalus," respectively. Interestingly, these variants were found originally in non-Japanese patients: G6PD Chatham in an Englishman of Indian descent, G6PD Guadalajara in a Mexican, G6PD Beverly Hills in an Italian, and G6PD Andalus in a Spaniard. Some identical missense mutations have been found in different ethnic groups: 202 G + N376 G -+ A in Africans (G6PD A-23) and Spaniards (G6PD B e t i~a~~) , 592 C + T in Portuguese (G6PD CoimbraI6) and Chinese (G6PD S h~n d e~~) , 871 G + A in Laotians (G6PD Viangchang26) and Indians (G6PD JammuZ6), and 1360 C + T in Chinese (G6PD "Chinese-2"27) and Melanesians and Italians (G6PD Maewo'). It is noteworthy that except for 376 G -+ A in G6PD A-, all of the above mutations, including our cases, are C to T transition. Moreover, all but one seems to have arisen at cytidine in the CpG dinucleotide. Because each mutation arose in very different ethnic groups, we would assume that the mutation had arisen independently at the hot spot. With respect to G6PDs Viangchan and Jammu, their different origins were suggested by the haplotypic analysis.26 Cases 3 and 8 were associated with a base deletion in intron 5. It would be very interesting to determine whether this silent mutation exists in original cases with G6PD G~adalajara'~ or G6PD Andalus.I9 If it is not the case, these mutations were likely to have arisen independently in different populations. Existence of the same intronic mutation in unrelated Japanese subjects bearing different missense mutations suggests that this silent mutation might have an ancient origin and possibly be polymorphic. The survey of frequency of this base deletion and other silent mutations in the Japanese population is in progress.
Case 1 had a novel missense mutation predicting an Asp to Gly substitution at residue 176. The resultant variant G6PD had functional abnormalities such as high Km for both G6P and NADP+ and low utilization of deamino NADP+. Because its mutation and the biochemical properties were unique, we designated the variant G6PD Shinshu. Almost all the class 1 variants have their amino acid substitutions in the region surrounding either the putative NADP+ binding site or the G6P binding site?8 The aspartic acid changed in G6PD Shinshu is located only 29 amino acids upstream from a reactive lysine involved in G6P binding. In the near downstream of the amino acid substitution of G6PD Shinshu are located those of G6PD Santamaria" and G6PD Mediterranean.I6 It is noteworthy that the enzymologic properties of these two variants are markedly different from those of G6PD Shinshu. Aspartic acid at residue 176 is conserved in G6PDs from humans, rats," dro~ophila,~' yeast,32 and Zymo-monas m o b i l i~.~~ A highly conserved Glu-Lys-Pro-Phe(Leu)-Gly sequence that is found in G6PDs from Escherichia and Leuconostoc mesenter~ides~~ as well as the above five species, is also located just two amino acids upstream from the residue 176. These findings suggest that the 176 Asp is involved in an important function of G6PD, and therefore, unlike G6PD Mediterranean or G6PD Santamaria, G6PD Shinshu caused chronic nonspherocytic hemolytic anemia.
A nucleotide substitution in case 5 was identical with that found previously in G6PD "Japan."17 During the present study, we found that this patient was the same individual as that was examined by Beutler et al.'7 Because the variant name G6PD "Japan" seems to be geographically obscure, we would propose here designating the variant G6PD Shinagawa. G6PD Shinagawa is interesting because it had the nucleotide substitution in the same codon as G6PD River-side5 (1228 G -+ T, 410 Gly + Cys) and caused a Gly + Asp change at the same 410th amino acid. As was expected, the enzymologic properties of both variants were almost identical ( Table 3 ). Some variants that have mutations surrounding the putative structural NADP+ binding site are known to be reactivated by high concentrations of NADP+,* as was the case with G6PD Shinagawa. The unusual properties of G6PD Shinagawa support the hypothesis of an interaction between NADP+ and G6P binding sites in the native folded state of the e n~y m e .~~.~'
